We present parametrizations of the γ
Introduction
The electroexcitation of the nucleon resonances (γ * N → N * ) is experimentally restricted to the spacelike region when the photon momentum transfer q 2 is negative (Q 2 = −q 2 > 0) [1] . The timelike region is delimited by the interval −(M R − M) 2 < Q 2 < 0, where M and M R are respectively the nucleon and the resonance masses. Although the pseudothreshold is close to the photon point Q 2 = 0 for light resonances, the timelike region cannot be directly accessed. The timelike region however imposes constraints on the analytic form of the transition amplitudes and form factors in the limit where the photon three-momentum q vanishes and Q 2 = −(M R − M) 2 (pseudothreshold limit). When the transition current is defined using the general on-mass-shell gauge invariant structure one can define elementary form factors, such as the case of the Dirac and Pauli form factors for transitions to spin 1/2 resonances. The requirement that those form factors are free of kinematic singularities at the pseudothreshold implies that two or more form factors are correlated at the pseudothreshold [2, 3] . An implication of those constraints is the relation between the electric (E) and scalar (S ) amplitudes expressed by E ∝ S /|q|, when |q| → 0, which is known as the Siegert's theorem [4] [5] [6] . In this work we discuss in particular the Siegert's theorem for the
In the case of the γ * N → N(1535)1/2 − transition one can concludes that the longitudinal amplitude (A 1/2 ) and the scalar amplitude (S 1/2 ) can be expressed at pseudothreshold limit as [3, 7] A 1/2 = 2bF 1 ,
where
(e is the elementary charge) andF 1 = F 1 + ηF 2 is a combination of the Dirac and Pauli form factors with η = [7] . In addition one concludes that at the pseudothresh-old,F 1 is finite and the functions F 1 , F 2 are free from kinematic singularities. The direct consequence of Eq. (1) is
, which is equivalent to the Siegert's theorem, since E ∝ A 1/2 . The result S 1/2 ∝ |q| in particular can be interpreted as a consequence of the orthogonality between the nucleon and the N(1535)1/2 − states [7] .
A parametrization of the amplitude S 1/2 compatible with the Siegert's theorem is presented in Fig. 1 (left panel) with the label MAID-SG [7] . This parametrization differs from the MAID2007 parametrization [5] which fails to describe the Siegert's theorem. The constraint from the Siegert's theorem is responsible for the inflection of the function S 1/2 near the pseudothreshold in the MAID-SG parametrization. In the right panel we present the results for the kinematic-free form factors F 1 and F 2 . More details can be found in Ref. [7] . In the case of the γ * N → N(1520)3/2 − transition the analytic structure (singularity-free form factors) requires the following dependence of the amplitudes near the pseudothreshold
where M 2− , E 2− and S 1/2 are the magnetic, electric and scalar amplitudes [3, 4] . 
Parametrizations of the data compatible with the previous two conditions are presented in Fig. 2 . In the figure we can see that both conditions are satisfied in the lower limit of Q 2 . More details can be found in Ref. [8] .
The γ * N → ∆(1232)3/2 + transition can be characterized by the amplitudes A 1/2 , A 3/2 and S 1/2 , or alternatively by the magnetic (G M ) electric (G E ) and Coulomb (G C ) form factors. The pseudothreshold limit implies that
which is equivalent to the relation between electric and Coulomb quadrupole form factors: [11] . A parametrization of the data (MAID-SG2) [8] compatible with the previous condition is presented in the left panel of Fig. 3 . The present form of the Siegert's theorem, Eq. (3) differs from the more common form E 1+ = λS 1/2 /|q| [5, 6] by a factor of 1/|q|. This factor is however necessary in order to obtain the correct relation between form factors at the pseudothreshold [8] .
In the central and right panel of Fig. 3 we present the ratios R EM , R S M associated with the form factor data for G E and G C corresponding to the MAID-SG2 parametrization, for larger values of Q 2 . The MAID-SG2 parametrization is based on rational functions of Q 2 , inducing the falloffs G E ∝ 1/Q 4 , G C ∝ 1/Q 6 for very large Q 2 , as expected from pQCD [8] . 
γ * N → ∆(1232)3/2 + -G E and G C parametrizations
The Siegert's theorem has been discussed in the literature in the context of constituent quark models [8, 12] . The main conclusion is that a consistent description of the transition current requires the inclusion of processes beyond the impulse approximation at the quark level. This means that twobody exchange currents that include quark-antiquark states are important for the description of the form factors near the pseudothreshold and at low Q 2 [12] . Those contributions are also refereed to as meson cloud contributions.
When we consider the one-body level (impulse approximation) the Siegert's theorem is trivially satisfied since the baryon wave functions based on valence quark contributions lead to vanishing form factors at the pseudothreshold as a consequence of the orthogonality between states. For the γ * N → ∆(1232)3/2 + this was shown explicitly in Ref. [9] based on a covariant quark model [13] [14] [15] .
The problem becomes more complex when we consider contributions associated with the meson cloud (beyond impulse approximation). Considering the γ * N → ∆(1232)3/2 + transition, there are parametrizations of the pion cloud contributions for the quadrupole form factors G E and G C derived in the large-N c limit that relate those form factors with the electric form factor of the neutron (G En ) [16, 17] 
where M ∆ is the mass of the ∆ andG En = G En (Q 2 )/Q 2 . One can however show that Eqs. (4) 
, which corresponds to a relative correction of 1/N 2 c at the pseudothreshold. The value of G π E at Q 2 = 0 is however unchanged. Using the new form for G π E , one has G π E − κG π C = O(1/N 4 c ) at the pseudothreshold, which corresponds to a significant improvement comparative to the parametrizations from Eqs. (4) [9] .
Combining the new parametrizations for G π E and G π C with a contributions from the valence quark core estimated by the covariant spectator quark model extrapolated from lattice QCD data [15, 18] 
Summary and conclusions
We discussed the constraints associated with the Siegert's theorem for the γ * N → N(1535)1/2 − , γ * N → N(1520)3/2 − and γ * N → ∆(1232)3/2 + transition amplitudes. In all cases we obtain a relation between the electric and scalar amplitudes given by E ∝ S /|q| when |q| → 0. For the γ * N → ∆(1232)3/2 + transition, the previous relation has to be corrected by a factor of 1/|q|, since the exact condition is G E = κG C , and G E ∝ E/|q|, G C ∝ S /|q| 2 . For the γ * N → N(1520)3/2 − transition there is an extra relation between the transverse amplitudes at the pseudothreshold.
For all the transitions we propose parametrizations compatible with the data and with the Siegert's theorem. For the case of the γ * N → ∆(1232)3/2 + we discuss the constraints of the Siegert's theorem to the parametrizations of the pion cloud contributions for the quadrupole form factors. Moreover we propose a parametrization for G π E which improves the agreement with the Siegert's theorem and gives a good description of the empirical data.
